The integration of hydraulic slotting and gas drainage techniques has become a mainstream technique for enhancing permeability in coal seams with low permeability. However, the mechanism of action of this process is unclear. In this paper, field experiment and laboratory tests are described that aim at elucidating this process. Given the sensitivity and accuracy of test methods and their corresponding determination principles, a combination of mercury intrusion porosimetry and nitrogen gas adsorption was proposed as a complementary technique and the pore-size distribution (PSD) was obtained. It is shown that the proportion of minipores decreases remarkably, whereas that of the macropores gradually increases with the decrease in the distance from the slotted borehole. By contrast, the mesopores and micropores present insignificant changes. Meanwhile, the adsorption pore and the seepage pore show a similar variation in tendency with the minipores and macropores, respectively. Moreover, the specific surface area decreases substantially with the decrease in borehole distances. The integration of hydraulic slotting and gas drainage can lower the gas-adsorption properties and enhance the gas-seepage capacity within the disturbed zone significantly. The paper highlights the guiding factors for improving the enhanced coal bed methane recovery.
INTRODUCTION
The erosion capability of high-speed fluid jets characterized by several operational advantages such as high efficiency, low cutting forces, selective removal capability, heat-free, dust-free and vibration-free performance is widely applied in numerous modern industries from automotive and aerospace to medical and food industries (Summers 1995; Etchells 1997; Momber 2001 Momber , 2003 . Previous studies have shown high-pressure water jet to be an effective technique for mining activities including roadway excavation, hydraulic mining and gas drainage owing to its extreme simplicity and flexibility (Yao 1991; . For economical excavation of tunnels and roadways with high efficiency, application of a new method that combines mechanical drilling with water jet has been thoroughly investigated. Damage models of rock breaking with a conical cutter using the assistance of front and rear water jet were established based on the smoothed particle hydrodynamics and Lagrange algorithm to illustrate the superiority of such models in reducing peak cutting forces, prolonging the life of the cutter and improving the efficiency of roadway excavation. In addition, previous studies have pointed out that the dense 'boss' in the hole bottom produced by conventional rotating mechanical drilling of the hard rock is the principal factor that influences efficient drilling under conditions of slow wear rate (Lu et al. 2013; . For this purpose, a new kind of hard rock mechanical drilling technique with the abrasive water jet assistance was introduced to erode the 'boss' for a 'pilot hole' because of the lower tensile and shear strength of the rock compared with its compressive strength (Lu et al. 2013) . The property of slow wear rate was also demonstrated by Yang et al. (2011b) by surface analysis. The borehole hydraulic coal mining system was demonstrated to be a feasible method for hydraulic mining (Xia et al. 2008) . The method involves fragmenting coal seams by high-pressure water jet and removing coal slump through a drilled hole by hydraulic or airlifting methods. More recently, a novel hydraulic method for underground mining of a thin sublayer as a protective coal seam was introduced by in order to overcome the limitations involved in extracting protective layers (e.g. time and cost).
In recent years, hydraulic techniques particularly characterized by remarkable enhancement in artificial permeability and typically represented by hydraulic fracturing and hydraulic slotting have played an increasingly crucial role in solving the problem of poor efficiency associated with gas drainage Xu et al. 2011; Lin et al. 2012; Zhai et al. 2012; Zhao et al. 2012a; Li et al. 2013) . However, certain limitations such as rapid closure of fractures and limited amount of main cracks exist while applying hydraulic fracturing for soft coal seams (Huang et al. 2011; . By contrast, hydraulic slotting is a method aimed at unloading the confined pressure imposed on the coal mass, which is relatively advantageous for generation and expansion of fractures (Yin et al. 2013a, b) . A number of studies in the last few decades have described the phenomenology and effect of hydraulic slotting. Lu et al. (2010) established a dynamic damage model to demonstrate the dynamic damage property of coal mass under transient dynamic load and the flexible impact from high-pressure pulsed water jet. A combination of theoretical analysis, simulation experiment and field experiment was adopted by Shen et al. (2012a) to illustrate the variation in displacement and stress of coal masses subjected to hydraulic slotting. It has been shown that hydraulic slotting could break the bottleneck effect around the borehole and substantially enlarge the range of pressure relief, thereby significantly improving the efficiency of gas drainage. In addition, a gas-flow capillary model within the depressurized zone was developed to describe the flow property of depressurized gas. In another study, Shen et al. (2012b) demonstrated the mechanism of spray phenomenon during the process of hydraulic slotting and its influence on gas drainage. Besides, it was demonstrated by that the internal effective stress levels could be reduced up to 70% and 45% for the vertical and horizontal stresses, respectively, when hydraulic slotting was applied and the rate of roadway excavation was increased from 30 to 70 m/month. From the aforementioned analysis, it can be understood that the research to date has mainly focused on the effect of hydraulic slotting on coal mechanical and seepage behaviours around the slots from a perspective of water-jet impact property and stress and flow characteristics of depressurized gas. However, far too little attention has been paid to the variation in the pore structure of coal mass after hydraulic slotting and gas drainage treatments, an analysis of which could uncover the functional mechanism of the treatment on a micro level.
Numerous studies have described the characterization of coal mass pore structure. Ji et al. (2014) studied the pore-structure characteristic of coal after extraction with tetrahydrofuran by low-temperature nitrogen adsorption at 77 K and at relative pressure from 0.009 to 0.998. Cai et al. (2014) studied the pore structure of Chinese coals that were subjected to heat and highpressure treatments by small-angle X-ray scattering, nitrogen adsorption/desorption isotherms and scanning electron microscopy. Clarkson and Bustin (1999a) investigated the multimodal porevolume distributions of bituminous coal of the Cretaceous Gates Formation by high-pressure (up to 200 MPa) mercury porosimetry, low-pressure (<127 kPa) nitrogen adsorption at 77 K and carbon dioxide adsorption at 273 K. In addition, the study also systematically investigated the effect of pore-volume distributions on transport properties of coal. In a subsequent study, Clarkson and Bustin (1999b) studied the effect of coal composition, pore structure and gas pressure on methane and carbon dioxide gas transport. In addition to the aforementioned methods, X-ray micro-computed tomography and low-field nuclear magnetic resonance were applied to study coal PSD and its crucial role in interpretation of gas-adsorption and seepage properties in coal (Hou et al. 1996; Karacan and Okandan 2001; Golab et al. 2013; Yao et al. 2014) .The aforementioned studies have focussed on pore-structure characterization of coal mass extracted from various regions that are subjected to various treatments by applying multifarious methods.
In this work, field experiments were conducted and six coal samples at different distances from the slotted borehole and one original coal sample (i.e. GFQ, which is raw coal mass in the study site that is not subjected to hydraulic slotting and gas drainage) were collected for laboratory analysis. A combination of nitrogen gas adsorption (N 2 GA) and mercury intrusion porosimetry (MIP) methods was used to determine the PSD of coal mass subjected to hydraulic slotting and gas drainage. We chose these two methods because of their sensitivity and accuracy. Moreover, the functional mechanism of the treatment is thoroughly elucidated, and this could provide reasonable theoretical support for field application of hydraulic slotting.
EXPERIMENTAL BACKGROUND
As is shown in Figures 1 (a and b) , Yangliu Coal Mine (annual production of coal, 1.8 × 10 6 t) is located in northern Anhui Province, China. Coal seam no. 10, which is within this region, has an average thickness of 3.19 m. The absolute gas pressure and initial speed of methane diffusion in this coal seam is 2.0 MPa and 20 mmHg, respectively, which are above the respective critical values of 0.74 MPa and 10 mmHg. The minimum firmness coefficient 'f' of the coal seam is 0.36, below the critical value of 0.5, which demonstrates that the coal seam is at risk of outburst, according to the State Regulation of Coal and Gas Outburst Prevention and Control of China (2009) (Wang et al. 2010) . The mining area no. 106 is at the northeast region of the coal mine and has a monoclinal structure. Gas control was achieved by drilling boreholes across the coal seam on the floor roadway (designed for shielding roadway tunnelling) as well as by drilling boreholes down the coal seam (designed for shielding backstopping; Wang et al. 2014b ). As can be seen from Figures 1 (c and d) , the mechanical and ventilation roadways of working face no. 1065 are under construction. The boreholes for gas drainage below the mechanical roadway (no. 1065) have been constructed in drilling site no. 1. The test was conducted at drilling site no. 6 in roadway 1065, which was immune to mining activities within the 50-m range beyond its control region.
EXPERIMENTAL PROCEDURES AND METHODS

Experimental Procedures
Various steps of the experimental procedure are presented in Figure 2 . The experimental process consisted of field experiment and laboratory testing. The 'field experiment' was conducted to obtain materials for 'laboratory testing'. At the location of the slotted borehole, one sample was collected before hydraulic slotting in order to estimate the original parameters within the experimental site. Samples were also collected from regions around the slotted location (from the region nearest to the borehole to the furthest). The samples were not collected along a single line in order to avoid collecting samples with similar characteristics. Following sample collection, each borehole was sealed immediately. The samples collected around the slotted location are used to determine the variation in pore structure following hydraulic slotting as accurately as possible. Proximate analysis was used to obtain basic information about the coal samples collected. A combination of N 2 GA and MIP methods were used to obtain PSD and specific surface area of coal samples. For each coal sample collected, N 2 GA and MIP methods were performed twice and the average values were calculated as the final result. 
Hydraulic Slotting
The self-developed system for hydraulic slotting is shown in Figure 3 . In this system, the water tank is used for water supply, emulsification pump is used for power supply and control valve is used for adjusting water pressure. The combined sealing method is selected to solve the problem of water leakage from the rotator under high pressure (maximum sealing pressure, 50 MPa). The dualpower drill bit is a crucial component of the system that integrates the process of drilling and slotting, which substantially improves the efficiency of construction. The operating principle of the drill bit is described in detail elsewhere (Lin et al. 2012) .
The process of hydraulic slotting (Figure 4 ) can be briefly described as follows: (a) Drill until the setting position is reached. (b) The drill pipe is rotated and high-pressure water impacts on the coal mass, which discharges the crushed coal mass. The pressure of the water jet is approximately 15-30 MPa. In this case, the total amount of discharged coal is 1.5 t. (c) Pull the drill pipe towards the orifice of the borehole and slot the coal seam.
Test Methods
Proximate Analysis
The moisture, ash, volatile matter and fixed carbon (or char) contents, usually expressed in mass percentage, of the samples can be determined by proximate analysis (García et al. 2014; Ghosh et al. 2014) . These are key indexes for evaluating coal quality. In this paper, the proximate analysis was conducted based on the guidelines specified in the GB/T 
According to the GB/T 5751-2009 standard (Bureau of Standards, Metrology and Inspection of the Ministry of Economic Affairs 2009), the content of volatile matter on a dry-ash-free basis (V daf ) can be an index of judgement for coal rank, which is expressed as follows:
(2)
Nitrogen Gas Adsorption
The liquid nitrogen adsorption isotherm can accurately interpret the PSD in the range of 2-100 nm (Groen et al. 2003) . PSD was calculated based on both the Kelvin equation and modified multilayer adsorption theory. The BET theory was applied to calculate the specific surface area (Jabloński 2009 ). The corresponding condensation pressure [equation (3)] of liquid nitrogen in the pore of radius r is derived using the modified Kelvin equation and the BJH method (Halsey et al. 1948; Coasne et al. 2004; Schmitt et al. 2013) . where p is the applied pressure, p 0 is the saturation vapour pressure of nitrogen, g N and V 0 are the surface tension and molar volume of liquid nitrogen, respectively. R is the gas constant, T is the temperature at which the isotherm is measured (77 K) and a is a factor that accounts for the shape of the gas-liquid interface (Blanco et al. 2012 ). The latter is assumed to be cylindrical during the adsorption process (a = 1) and hemispherical during the desorption process (a = 2) (Yao et al. 2009 ). The N 2 GA was performed using a specific surface area and PSD analyzer (Auto-1-MP; Quantachrome). The samples were crushed into pieces of approximately 0.20-0.25 mm, dried in an oven at 105 °C for 8 hours and then outgassed under high vacuum (<10 mmHg) for 10 hours at 110 °C on the analyzer. Helium was selected to determine the free space of the tube before measuring the adsorption isotherm, after which nitrogen gas was injected into the container. If the pressure in the container is below 13.3 Pa within 5 minutes, the adsorption equilibrium is achieved and then the applied pressure p, temperature at the state of adsorption equilibrium T and saturation vapour pressure of nitrogen p 0 were recorded to calculate the adsorption volume V a . The range of relative pressure p/p 0 is from 0.010-0.995.
Mercury Intrusion Porosimetry
The theoretical basis of the MIP method is the fact that a number of solid materials possess a property of non-wettability upon coming in contact with mercury (María et al. 2010) . The information about pore structure can be obtained by measuring the volume forced into the coal mass over a range of applied pressure (Panesar and Francis 2014). Under the premiss of cylindrical pore morphology, PSD can be obtained by applying the Washburn equation (Mateusz et al. 2014) (4) where r is pore radius (nm); g Hg is mercury surface tension (=0.48 J/m 2 ); q Hg is the contact angle (=140°).
Assuming that g Hg and q Hg are constant under various pressures, the specific surface area (S) determined by this method can be depicted as follows (Sari et al. 1998 ):
MIP was carried out using a mercury porosimeter (AutoPore IV 9500 V1.09; Micromeritics Instrument Corporation). A sealed MIP penetrometer with a dried coal sample weighing 3.0 g was inserted into the low-pressure port of the porosimeter. The air inside the porosimeter was evacuated and then replaced by mercury gradually until a mercury pressure of 172 kPa was reached. Subsequently, the penetrometer was inserted into the high-pressure port, where the mercury pressure increases slowly to the maximum of 414 MPa (Sasanian and Newson 2013).
Combination of N 2 GA and MIP
As shown in Figure 5 pores to the large pores during the adsorption process. Accordingly, the sequence of filling in Figure 5 (a) is D → C → B → A. However, when the applied pressure increases above a certain value, the liquid nitrogen fails to penetrate the pores, resulting in inaccurate estimation (Kaufmann 2010) . The corresponding pore size is called critical pore size. Meanwhile, mercury cannot penetrate the pores by capillary force due to its property of non-wettability. Therefore, external pressure is necessary and each pressure corresponds to an equivalent pore size . As illustrated in Figure 5(b) , with the gradual increase of applied pressure, mercury intrudes from the large pores to small pores (i.e. A → B → C → D). Nevertheless, when the pressure is above the critical value, significant deformation of pore wall occurs, leading to inaccurate estimation (Beaudoin 1979; Diamond 2000) . According to equations (3) and (4), the relationship between applied pressure p and measured pore radius r can be plotted as shown in Figure 6 .
From Figure 6 it can be inferred that with an increase in applied pressure p, the pore radius determined by MIP gradually decreases and the increasingly larger pore radius estimated by N 2 GA becomes accessible. It is noted that the two curves have an opposite variation tendency, and therefore an intersection point appears. The horizontal ordinate of the intersection 'p c ' is defined as critical applied pressure, and correspondingly the longitudinal ordinate is defined as critical pore radius 'r c '. As mentioned earlier, when the applied pressure p is below p c , both methods are applicable. Moreover, the pore radiuses estimated by MIP and N 2 GA are integrated. However, if the applied pressure p exceeds p c , the filling of pores by liquid nitrogen fails and deformation of the pore wall due to mercury intrusion is remarkable, which causes substantial deviation in measurement. Therefore, the two methods are integrated to avoid their disadvantages. In general, the combination of N 2 GA and MIP can be summarized as two patterns: combination by experimental process (Rigby et al. 2004; Bafarawa et al. 2014 ) and combination by experimental data processing. Nitrogen adsorption in the former method is adopted as an integrated part of MIP to improve the accuracy of data from both methods, which has a better practicability in investigating the spatial PSD of mesoporous materials. However, the combination mode of the former is 'N 2 GA + MICP + N 2 GA', and its experimental procedures are excessively complicated, easily generating systemic error. Therefore, given the sensitivity and accuracy of N 2 GA and MIP, a novel experimental data-processing system is proposed as follows: When the pore radius of coal samples r > r c , the cumulative pore volume measured by MIP is adopted. When pore radius of coal samples r ≤ r c , the cumulative pore volume estimated by N 2 GA is selected. The cumulative pore volume is obtained by adding up the combined pore volume. Likewise, the specific surface area from the combination of N 2 GA and MIP is acquired.
RESULTS AND DISCUSSION 4.1. Results of Proximate Analysis
The results of proximate analysis are listed in Table 1 . The volatile matter content on dry-ash-free basis V daf is derived by substituting volatile matter content on air-dry basis V ad into equation (2).
The results show insignificant variation in the indexes of proximate analysis, which indicates that the property of coal in the experimental region is similar. The values of V daf range from 17.29% to 19.16%, which illustrate that the coal is low-volatile bituminous to a certain extent (Fowler and Gayer 1999; Xu et al. 2012; Liu et al. 2014a) . Figure 6 . Relationship between applied pressure p and pore radius r. The parameter r c is critical pore radius corresponding to the critical applied pressure p c . The pore-structure model displayed on the right-hand side of the figure is the same as Figure 5 (c).
Determination of Critical Pore Radius r c
Because the experimental procedures and data processing for each set of coal samples at different distances from the slotted borehole are the same and the variation tendency is similar, it is unnecessary to explore the details for every set, and therefore, only one set is explained in detail here. The average values of pore volume and specific surface area are selected as the final results.
The crucial issue of combination of N 2 GA and MIP is the determination of the critical pore radius r c . It is noted that the ranges of sensitive pore radius obtained using N 2 GA and MIP are below 100 and over 50 nm, respectively (Kate and Gokhale 2006; Li and Chen 2008; Labani et al. 2013) . Consequently, the critical pore radius should be in the overlapped region (approximately 50-100 nm). Meanwhile, the filling volumes of r c obtained using the two methods should be equal and the curve around intersection should be smooth, that is, (dV/dr) N2GA = (dV/dr) MIP , where (dV/dr) N2GA and (dV/dr) MIP denote the derivative of cumulative pore volume relative to pore radius in N 2 GA and MIP, respectively.
The critical pore radius r c is determined using the coal sample collected before hydraulic slotting (GFQ) and is calculated as follows: (a) As seen in Figure 7 , the variation in cumulative Figure 7 . Variation in cumulative pore volume V of GFQ with varying pore radius r.
pore volume with changes in pore radius is obtained through the N 2 GA and MIP methods. (b) The first-order differential curves (Figure 8) are derived from the curves in Figure 7 . (c) There exists a point of intersection between the two differential curves in the range of approximately 50-100 nm. The horizontal ordinate of the point is the critical pore radius r c . It is found that the critical pore radius of GFQ is 68 nm. Likewise, the critical pore radiuses of the other six coal samples were obtained based on the aforementioned determination method. These results are presented in Table 2 .
Pore-Size Distribution
Based on the critical pore radiuses in Table 2 , the variation of increase in pore volume and cumulative pore volume with changes in pore radius can be derived using a combination of N 2 GA and MIP and is plotted in Figure 9 . It can be observed that the shape of the increase in pore volume with pore radius has a U-shaped pattern in Figures 9(c and d) . The peak values of pore-volume increase in Figures 9(a and b) , Figures 9(c and d) and Figures 9(e-g) primarily appear in approximately 1,00,000 nm, 10-100 nm and approximately 1,00,000 nm, and approximately 10-100 nm, respectively. The curves of cumulative pore volume transit smoothly at the point of intersection and the increase rates of these curves are rapid-slow-rapid. Besides, with the increase in distances between the sampling boreholes and slotted borehole, the maximum value of the cumulative pore volume of coal samples decreases. 10 100 1000 10,000 1,00,000
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Variation in Proportions of Pore Volume with Varying Distances between Sampling Boreholes and Slotted Borehole
Currently, some pore-classification standards have been proposed (Clarkson et al. 2012; Chen et al. 2013; Wang et al. 2014a) . In this work, given the analysis of adsorption and seepage property of coal after hydraulic slotting and gas drainage treatments, the decimal classification standard proposed by B.B. XΟДΟT, a Soviet Union scholar, is selected. In general, the pore radius range of micropores and minipores is defined as 10 and 100-100 nm, respectively. The pore radius range of mesopores and macropores is defined as 100-1000 and above 1000 nm, respectively. The micropores and minipores constitute the adsorption pore that controls the adsorption property of coal, whereas the mesopores and macropores constitute the seepage pore that controls the seepage property of coal. According to the selected pore-classification standard, the proportions of pore volume of micropores, minipores, mesopores and macropores were calculated based on combined PSD and listed in Table 3 . The average values are adopted as presented in Table 3 and the variation in proportions of pore volume with varying distances between sampling boreholes and slotted borehole is described in Figure 10 .
From Figure 10 it can be seen that the pore-volume proportion of micropores accounts for approximately 10% and has an insignificant variation. By contrast, the pore-volume proportion of minipores-from 44.91% to 22.45%-has a remarkable variation. With the decrease in distances between sampling sites and slotted borehole, the magnitude of variation presents a feature of 'gentle-drastic-gentle' and the maximum decrease in amplitude is in the range from 3.5 to 2 m. Overall, the pore-volume proportion of mesopores tends to increase with the decrease in distances between sampling sites and slotted borehole. The variation is insignificant within the range from 8 to 5 m and the significant increase appears within the range from 3.5 to 0.5 m. With regard to macropores, a substantial increase can be observed within the whole range and there is a high increase at the distance of 2 m. Furthermore, the variation in the amplitude of pore-volume proportions decreases with the increase in borehole distances and flattens out over 6.5 m. The difference in pore-volume proportions of GFH-6.5, GFH-8 and GFQ is very small.
It is well-known that a majority of gases are adsorbed into micropores and minipores and the main pathway for gas migration is mainly composed of mesopores and macropores An et al. 2013; Jin et al. 2013) . As shown in Figure 11 , the adsorption pore and seepage pore proportions were computed based on the average values of pore-volume proportion to interpret the variation in pore structure following hydraulic slotting and gas drainage.
It was found that the adsorption pore proportion decreases from 55.38% to 32.46% and the seepage pore proportion increases from 44.62% to 67.54% with the decrease in distances between sampling sites and slotted borehole. Meanwhile, the difference between adsorption and seepage pore proportions of GFH-6.5, GFH-8 and GFQ is very small. Therefore, it can be deduced that gas-adsorption capacity gradually weakens and seepage capacity sharply increases with the decrease in borehole distance within 6.5 m, which partly proves that hydraulic slotting can increase the gas-migration pathway and enhance gas-migration capacity. 
Variation in Special Surface Area with Varying Distances between Sampling Boreholes and Slotted Borehole
Coal mass is a porous media and contains a huge specific surface area. Gas is mainly adsorbed on the inner wall of the pores (Karacan et al. 2011; Moore 2012) . In general, the specific surface area-i.e. the inner surface area per unit of mass-is used to measure the methane-holding capacity of coal mass (Levy et al. 1997) . The specific surface area (average values) of all the coal samples and their corresponding reduction rates relative to the original specific surface area are presented in Figure 12 .
It can be seen that the specific surface area shows a tendency to decrease (from 9.906 to 7.154 m 2 /g). Besides, a substantial decrease within 3.5 m is noted in the specific surface area. It Figure 11 . Variation in proportions of adsorption and seepage pore with varying distances between sampling sites and slotted borehole. is thus clear that hydraulic slotting can produce a conspicuous effect on the specific surface area of coal mass within 3.5 m. The adsorption site in coal mass decreases and adsorption capacity gradually weakens, which is beneficial for the improvement of gas desorption efficiency.
SIGNIFICANCE OF PORE-STRUCTURE-CHARACTERIZATION ANALYSIS FOR GAS DRAINAGE
In this paper, the treatment of coal mass involves two processes, namely, hydraulic slotting and gas drainage. The former can produce a strong disturbance to the coal seam, resulting in pressure relief. points out that with an extension in drainage time, the permeability in fractures is enhanced. Various studies have shown that pressure relief and permeability enhancement of coal seam are very effective in improving the quality of gas drainage (Lin et al. 2009; Yang et al. 2011a) . From microcosmic aspects, two primary objectives of coal-seam pressure relief and permeability enhancement are to weaken the gas-adsorption capacity and improve gas-seepage capacity. Micropores and minipores determine the gas-adsorption capacity, and therefore, high proportions of micropores and minipores and a large specific surface area contribute to strong gas-adsorption capacity of coal, making it difficult for the gas to drain (Zhao et al. 2012b) . Moreover, as stated earlier, mesopores and macropores provide the main pathway for gas migration. The former constitutes the slow laminar flow section and the latter forms the strong laminar flow section. Thus, it is obvious that stronger gas-migration capacity is related to higher proportions of mesopores and macropores (Saravanathiiban et al. 2014) . Hydraulic slotting and gas drainage can decrease the adsorption pore proportion and increase the seepage pore proportion, thereby lowering the gas-adsorption capacity and enhancing the gas-seepage capacity, respectively. Thus, our results show that the integration of hydraulic slotting and gas drainage is an effective measure to enhance coal bed methane recovery, especially in single coal seams with low permeability.
CONCLUSIONS
In this paper, field experiment and laboratory tests were conducted to investigate the variation in pore-structure characterization following hydraulic slotting and gas drainage. Based on the sensitivity and accuracy of test methods and their corresponding determination principles, a method of combining MIP with N 2 GA was proposed to depict the pore-structure characteristic. Understanding the pore structure uncovers the functional mechanism of the enhanced coal bed seam recovery technology proposed, which is an integration of hydraulic slotting and gas drainage.
The key point of combining N 2 GA and MIP is to determine the critical pore radius r c , which should be in the overlapped region (50-100 nm; see text for more details). In addition, the filling volumes of r c obtained using the two methods should be equal and the curve around the intersection should be smooth, that is, (dV/dr) N2GA = (dV/dr) MIP .
Overall, pore-volume proportion of micropores accounts for about 10% and an insignificant variation occurs. By contrast, pore-volume proportion of minipores, from 44.91% to 22.45%, has a remarkable variation. With the decrease in distances between sampling sites and slotted borehole, the magnitude of variation presents a feature of 'gentle-drastic-gentle' and the maximum decrease in amplitude is in the range from 3.5 to 2 m. Overall, the pore-volume proportion of mesopores tends to increase with the decrease in distances between sampling sites and slotted borehole. The variation is insignificant within the range from 8 to 5 m and the significant increase appears within the range from 3.5 to 0.5 m. With regard to macropores, a substantial increase can be observed within the whole range and there is a high increase at the distance of 2 m.
It is found that with the decrease in distances between sampling sites and slotted borehole, the adsorption pore proportion decreases from 55.38% to 32.46%, seepage pore proportion increases from 44.62% to 67.54% and the specific surface area decreases from 9.906 to 7.154 m 2 /g. The integration of hydraulic slotting and gas drainage can increase the seepage pore proportion and thus enhance the gas-seepage capacity of coal seam. The adsorption pore proportion and specific surface area decrease by a wide margin, weakening the gas-adsorption capacity.
